Abstract: A unique surface plasmon resonance (SPR) sensor based on photonic crystal fiber (PCF) is proposed in this paper, which consists of a D-shaped profile where a gold film is coated on its flat surface and a laterally accessible hollow core in which the analyte is infiltrated. The spectral sensitivity and the amplitude sensitivity of the proposed sensor are investigated by the finite element method when it is completely and partly immersed into the analyte solution. Simulation results indicate that the proposed sensor can detect the refractive index of the analyte higher than that of the PCF background, and shows higher sensitivity when its core portion is immersed into the analyte. In this way, this sensor can provide the ability of anti-interference from the metal coating. The proposed sensor can be conveniently coated with metal films and provides a possibility for real time sensing, which are not possible with traditional PCF-based SPR sensors.
A High Refractive Index Plasmonic Sensor Based on D-Shaped Photonic Crystal Fiber With Laterally Accessible
Hollow-Core
Introduction
Surface plasmon resonance (SPR) phenomenon is extremely sensitive to the refractive index (RI) of the dielectric at the metal surface, and therefore has been carried out on various sensing platforms, such as classical prisms, optical waveguides, conventional optical fibers and photonic crystal fibers (PCF) [1] - [11] . Compared with other SPR sensing structures, the advantages of the PCF based SPR sensors are miniaturization, a high degree of integration, and design flexibility. Most importantly, by changing the geometric structure, one can tailor the effective RI (n eff ) of the core modes which can facilitate phase-matching between the core mode and the SPP mode [6] - [11] . For the most common PCF-based SPR sensors [5] - [11] , in order to detect the analytes, the PCF holes are deposited with the thin metal films on their inner wall, and then infiltrated with the liquid analytes. When the propagation constant (or n eff ) of the core modes matches with that of the SPP modes, the resonance occurs, and an obvious peak appears at loss spectra of the core mode due to a portion of the energy transferring to the SPP mode. The analytes RI (n a ) changes will affect the propagation constants of the relevant modes, which leads to different loss spectra of the core mode [5] - [11] . Therefore, this phenomenon can be utilized for detecting the analytes in the biological and chemical fields. However, two significant difficulties hinder the development of these PCF-SPR sensors. The first challenge is the fabrication issue about sensor. To metallize these PCF, one method of fabrication is to use the technology of chemical vapor deposition (CVD) to coat the inner walls of fiber holes with metal films [12] - [14] . Alternatively, the fiber holes can be filled with the metallic nanowire, such as by pumping molten metal into the air holes of the fiber at high pressure [15] - [17] . Note that the size of the PCF holes is as small as several microns [5] - [17] , the metallizing operation in these holes is a complex process requiring highly manufactured technique. On the other hand, in these designs [5] - [11] , the fiber holes also act as tiny sample chambers by filling with the liquid analytes. If the analyte needs to be changed, several emptying and re-filling steps are required. This is typically a time consuming process and not possible to perform real time sensing. These issues can be solved by employing the D-shaped or exposed-core PCFs with the metal and analyte directly deposited on their exposed section, which have been demonstrated in recent works [18] - [21] .
The second challenge that limits development of the PCF-SPR sensors is that of high RI measurements. In most of the silica PCF-SPR sensors, for example, the upper detection limit of the n a are typically below 1.42 [10] , [11] , [20] . This is due to the fact that the analytes are filled into the cladding holes of these PCFs. As a result, to keep the mechanism of total reflection, the maximum possible n a must lower than the background material RI of the PCFs. In order to overcome the upper detection limit, the hollow-core PCFs can be used for SPR sensing, with the analyte filling into the fiber core to form the waveguide [13] , [22] , [23] . When the n a is higher than the RI of the fiber materials, the sensors can work effectively because the condition of total reflection is satisfied. However, in these designs, the metallizing and filling of the fiber holes are also required, which is also not suitable for real time sensing.
In order to solve these problems that exist in present PCF-SPR sensors, we propose a novel SPR sensor based on D-shaped hollow-core PCF with side-opening channel in this paper. The D-shaped profile with the gold film on its flat surface can facilitate the process of metallizing, while the hollow-core structure with the analyte in it can realize the detection of high n a . To avoid filling operation of the analyte, a side-opening channel is introduced to allow the analyte to get access to the hollow-core (the sensing region) of the PCF, which also provides a possibility for real time sensing. Two possible sensing schemes with the proposed sensor are analyzed here, which are respectively complete and part immersions into the analyte solution.
Sensor Design
The structure diagram of the proposed SPR sensor can be seen from Fig. 1(a) , which consists of a D-shaped profile coated with a gold film and a hollow core exposed to the external environment via a side-opening channel. The D-shaped structure can be manufactured by side-polishing the PCF [24] , [25] . The side-opening channel for exposing the fiber core could be fabricated by some demonstrated methods such as focused ion beam milling [26] , [27] , femtosecond laser micromachining [28] , [29] , and also can be directly drawn by creating an opening at the preform stage of the fiber fabrication [30] - [32] .
One of the advantages of this design is that it can operate directly when placed in the analyte solution with no requirement for pre-filling process. Figs. 1(a) and 1(b) show the two schemes of the proposed sensor placed in the analyte solution. In the first scheme (Scheme A), the sensor is completely immersed into the analyte. In the second scheme (Scheme B), only the fiber core part of the sensor is immersed in the analyte, and the analyte can infiltrate into the hollow core through the side-opening channel. The sensor can be spliced with standard single-mode fibers (SMFs) to connect into the sensing system, as shown in Fig. 1(c) . A polarizer is also required in this system, because such D-shaped fiber can only support a y-polarized peak in the SPR spectra [18] , [33] . The mode characters of the proposed sensor fiber are investigated by using the finite element method (FEM). As shown in Fig. 1(a) , the holes are separated by a distance = 2 μm, and the diameters of the cladding holes and the central hole are d = 0.4 and d c = 2.4 , respectively. The polishing depth (h) from the fiber center to the flat surface is 2 , and the width of the side-opening channel is 0.4 . The thickness of the gold film is assumed to be 40 nm [6] - [11] . The complex RI of the gold is obtained by using the Lorentz-Drude (LD) model [34] . To simplify calculation process, we neglect the material dispersions of the fiber and the analyte, and fix the RIs of background material (silica glass) and air holes to 1.45 and 1, respectively.
Results and Discussion

Coupling Properties
In order to investigate the coupling properties of the sensor at the two schemes, we plot the n eff curves of the core modes and SPP modes in Figs. 2(a) and 2(b) at n a = 1.46, respectively. Here we choose the fundamental mode as the core mode and only consider its y-polarized component, because the D-shaped fiber coated with the gold film only supports the SPP mode with the electric field orthogonal to the gold surface (y-polarized in this structure), and it can only couple to the core modes that have the same polarized component [18] , [33] . Taking the Fig. 2(a) for an example, the solid black and dashed red lines represent the real part of n eff [Re(n eff )] of the core mode (see inset A) and the SPP mode (see inset B), respectively. It can be found that they are crossed at the wavelength of 1130 nm (that is also called as phase-matching point or resonance wavelength), indicating that a strongest resonance coupling happens here (see inset C). This results in an obvious resonance peak in the loss spectra of the core mode, as shown by the imaginary part of the n eff [Im(n eff )] curve in Fig. 2(a) .
In order to analyze the sensing mechanisms of the proposed sensor at the two schemes, the changes in their n eff lines of the relevant modes are shown in Figs. 3(a) and 3(b) , and the changes in their resonance peaks are also shown in Figs. 3(c) and 3(d) under the same condition in which the n a is slightly changed from 1.46 to 1.47. As seen from the Fig. 3 , the small changes in the n a may change the n eff curves of the core modes and SPP modes, hence changing the position of the phase matching point [see Figs. 3(a) and 3(b)], and leading to different core mode loss spectra [see Figs. 3(c) and 3(d) ]. Consequently, by detecting the changing of core mode loss spectra, the n a changes can be detected. Two main detecting approaches are commonly used for SPR sensing, which are spectral based and amplitude based approaches, respectively [5] - [11] .
Spectral Sensitivity
In the spectral based approach, the n a change ( n a ) is detected by measuring the shift of the resonance peak ( λ peak ). Generally, the spectral sensitivity in term of RI units (RIU) can be defined as [9] .
As shown in Figs. 3(c) and 3(d) , the λ peaks of the sensor at the scheme A and the scheme B are 28 nm and 72 nm for the n a changing from 1.46 to 1.47 ( n a = 0.01), respectively, and thus the corresponding spectral sensitivities are 2800 nm/RIU and 7200 nm/RIU according to Eq (1) . It means that the sensor at scheme B can provide a longer peak shift for the same change in n a , and thus a higher spectral sensitivity. This trend is also consistent at other n a as shown in Fig. 4 . Note that the resonance peak of this sensor shifts to shorter wavelength as n a increasing, which is contrary to that of the other PCF-SPR sensors for low RI sensing [6] - [11] . The reason for the abnormal behavior of this resonance peak is the fact that when the analyte is filled into the fiber core, the increasing n a mainly increases the n eff of the core modes (see dashed black lines in Figs. 3(a) and 3(b) , and thus the phase-matching points [see dot A in Figs. 3(a) and 3(b) ] shift toward shorter wavelengths [see dot A' in Figs. 3(a) and 3(b) ]. This phenomenon is also consistent with that of the other PCF-SPR sensors with the analyte filling in the same way [13] , [22] , [23] .
Amplitude Sensitivity
In the amplitude based approach, the n a is detected by measuring the change of the transmitted optical power at a fixed wavelength. With a reasonable choice of the sensor length L = 1/α(λ, n a ), the amplitude sensitivity is defined as [9] 
Here the α(λ, n a ) is defined mode loss of a core mode as a function of the wavelength λ and the n a . Fig. 5(a) shows the amplitude sensitivities S A of the sensor at the two schemes for the n a changing from 1.46 to 1.47, which are obtained from the data of Figs. 3(c) and 3(d) , respectively. As seen from Fig. 5(a) , the maximal S A of the two schemes are 86 RIU −1 at 1143 nm and 91 RIU -1 at 1190 nm, respectively. As expected, at other n a , the scheme B also provides a higher maximal S A as shown in Fig. 5(b) . The advantage of this approach is economical with no need for spectral manipulation, while the disadvantage is a smaller operational range to get maximum sensitivity.
Discussion
By comparing the data in Fig. 3 , we can clearly understand the sensing mechanisms of the sensor at the two schemes and the reason for the higher sensitivity of the sensor at the scheme B. In the scheme B, only the fiber core is immersed in the analyte, the increase of the n a can only raise the n eff line of the core mode, as shown by the black dashed line in Fig. 3(b) , and thus makes it intersect with the line of the SPP mode at shorter wavelength [see dot A' in Fig. 3(b) ]. However, in the scheme A, the sensor is completely immersed into the analyte. As a result, the increase of the n a raises not only the n eff line of the core mode [see the dashed black line in Fig. 3(a) ] but also that of the SPP mode [see the dashed red line in Fig. 3(a) ], and thus results in their intersection shifting from A to A' as shown in Fig. 3(a) . The simultaneously raised n eff line of SPP mode actually reduces the shift of the resonance peak ( λ peak ), and thus the spectral sensitivity of the sensor at the scheme A, as shown in Fig. 4 . The reduced λ peak also reduces the maximal difference among the loss spectra of the core modes [ α(λ, n a )], and thereby reducing the maximal S A according to Eq (2), as shown in Fig. 5(b) . It can also be noted that the sensitivities of the sensor, including the spectral sensitivity and the amplitude sensitivity, both decrease when the n a increases as can be seen from Figs. 4(b) and 5(b). This is due to the fact that the increase of the n a increases the core-cladding RI contrast which decreases the evanescent wave penetrating into the gold surface, thus reducing the coupling intensity between the core modes and SPP modes, and resulting in lower sensitivities. In other SPR sensor configurations, such as classical prisms, optical waveguides, conventional optical fibers and most of PCFs [1] - [11] , [13] , [18] - [22] , the analyte is always contacted with the metal-covered facet of the sensors, thereby the interference from the metal materials cannot be ignored in some chemical and biological sensing, while in our sensor design at the case where the fiber core portion immerses into the analyte (Scheme B), the analyte can avoid direct contact with the metal, and thus eliminating the interference. Another advantage of this sensor is that it can work effectively when the analyte RI is a little lower than the background material RI, because the air holes in the cladding can reduce the effective RI of the fiber cladding.
Conclusion
In conclusion, we design a novel SPR sensor that combines the advantages of the D-shaped, hollowcore and exposed-core fibers. Therefore, this design can offer many advantages not previously possible with conventional PCF-based SPR sensors, such as facilitating metal coating, detecting high analyte RI and implementing real time sensing. By comparing the results of different sensing schemes, we find that the scheme B, the fiber core portion immerses into the analyte, can provide very high sensitivity and also can avoid direct contact between the analyte and the metal. Thus it can be used to detect some highly active chemical and biological liquid samples.
